Voltage-clamp techniques are typically used to study the plasma membrane proteins, such as ion channels and transporters that control bioelectrical signals. Many of these proteins have been cloned and can now be studied as potential targets for drug development. The two approaches most commonly used for heterologous expression of cloned ion channels and transporters involve either transfection of the genes into small cells grown in tissue culture or the injection of the genetic material into larger cells. The standard large cells used for the expression of cloned cDNA or synthetic RNA are the egg progenitor cells (oocytes) of the African frog,
Introduction
Electrophysiology has long been considered one of the more esoteric aspects of neuroscience; invisible ion channels are probed with miraculously selective drugs to determine their effects on the ephemeral electrical signals of brain cells. We know that this bioelectricity is the very essence of the nervous system but, studied with only the most sophisticated equipment capable of measuring small numbers of charged particles as they traverse cell membranes at time scales faster than a blink of an eye, we see only the ghosts of its true dynamic vitality, frozen in small snapshots on oscilloscopes or computer screens. However, that perspective is changing as our accumulated understanding of cellular function and disease is allowing us to identify specific ion channels and transporters as therapeutic targets. Advances in molecular biology have permitted us to draw these target molecules out of the brain and other tissues and study them in new ways. Ion channel and transporter genes that have been cloned can be expressed heterologously in other cells and then studied in detail, combining electrophysiological and pharmacological approaches. This has been a tremendous boon to both basic research and drug development.
Not so long ago, fully automated electrophysiology experiments were thought to be impossible because of the interactive and highly technical nature of the experiments. The goal of developing instruments that could record the ionic currents of channels or electrogenic transporters, deliver solutions, and analyze data for multiple experiments without operator intervention, was first conceived for the pharmaceutical industry as a way to break a logjam in ion channel drug discovery. While other high-throughput screening methods for ion channel targets have been developed, these measurement methods suffered from high rates of false positive and negative findings. Traditionally, verification of positive hits required highly trained scientists doing experiments that were very labor-intensive and time-consuming. This, one cell and one channel type at a time, approach created a logjam in the discovery pipeline and was a disincentive to use ion channels as targets for drug discovery on a larger scale.
We know from the human genome project that there are around 300-400 ion channel genes [1] . Yet, at present, only about 30 ion channels are screened as drug targets by the pharmaceutical industry, leaving a huge untapped source of possible ion channel drug targets.
While ion channels were first discovered and studied in neuronal and muscle cells, they are found in all cells of the body and have been implicated in a wide range of neurological and muscular disorders, including migraine, epilepsy, myotonia, and cardiac rhythm problems. Ion channels have also been implicated in disorders of other tissues such as cystic fibrosis. Also, it is worth noting that many drugs that target gene products other than ion channels also interact with ion channels, which means that pharmaceutical companies need to test all compounds for cross-reactivity, especially in the area of targets involved in the cardiac action potential and contractility.
The cloning of ion channels and transporters has made it possible to study the functional properties of identified genes in a small number of suitable expression systems. This approach utilizes cell types that lack endogenous proteins which would confound results and are amenable to genetic transfection or are large enough to be directly injected with genetic material.
The Xenopus oocyte was one of the first heterologous expression systems proven to be useful [2] and is still widely used today, due to its large size, its faithful expression of channel proteins in the cell membrane, and the relative absence of endogenous channels which might complicate analysis of electrophysiology measurements. Ricardo Miledi and coworkers first used Xenopus oocytes to study nicotinic acetylcholine receptors in 1982 by injecting mRNA isolated from cat muscle [2] . Within five years Miledi's group alone had used Xenopus oocytes to study more than a dozen types of ion channels and receptors, by injecting RNA prepared from various tissues. They also made the important discovery that for many neurotransmitter receptor subtypes that were not themselves ion channels (e.g. G-protein coupled receptors), the Xenopus oocyte carried the necessary transduction mechanisms to convert receptor activation to an easilymeasured current mediated by calcium-dependent chloride channels [3, 4] . As cloned receptors and channels became available in the 1980s, the Xenopus oocyte system became even more valuable, since the cloning revealed the existence of multiple receptor subtypes, each of which could be individually characterized by injecting single clones into the oocytes. This made it possible to identify drugs with selectivity for specific receptor subtypes [5] .
The large uniform size of Xenopus oocytes (approximately 1 mm in diameter) made it seem feasible to create an automated electrophysiology recording system for Xenopus oocytes.
Realization of this dream has required the development of computer-driven systems that fully integrate software and hardware. In this article we outline the salient features of the oocyte expression system for the study of cloned ion channels, and we describe a recently developed automated multichannel high throughput electrophysiology system for oocyte recording.
Voltage Clamp Measurements from Xenopus oocytes
The African clawed frog, Xenopus laevis, has a long history as an experimental animal, going back to endocrinology and embryology studies in the early 1950s. Xenopus oocytes were first studied in the late sixties and early seventies, but have been most widely used as an expression system since the seminal work by the Miledi group in the early 1980s. Why Xenopus oocytes and why voltage-clamp recordings?
The most direct and quantitative measures of ion channel and transporter function are made with electrical recording of the actual ion flow across the cell membrane due to activation of the channels or transporter proteins. This is best achieved using one of several voltage-clamp techniques, where the voltage across the membrane is controlled and the currents measured provide information about gating function and pore properties on a millisecond or faster timescale. The basic method of voltage-clamp involves the use of microelectrodes and an amplifier to measure a cell's membrane potential and inject current, so that the cells membrane potential stays fixed (i.e. is clamped) at a potential set by the experimentalist. In this way, voltageclamping controls the membrane voltage reliably and records the currents due to channel activation evoked by an experimental stimulus. This has the function of isolating channelmediated currents from capacitive currents or other ion channel currents that might be stimulated if the cell membrane potential is allowed to change. Additionally, voltage clamp is the most valuable method for the study of the voltage-dependence of gating in voltage-gated ion channels, since it allows the experimentalist to separate out the effects of voltage and time as channels open and close in response to voltage jumps. Voltage-clamp also permits the study the voltagedependence of compounds that bind to ion channels and alter their function.
The true beauty of voltage clamping for pharmacological studies comes from the fact that for a given cell there is a direct linear relationship between the response measured, as percent of the cell's maximum possible response, and the fraction of the total population of ion channels that opened to create the current measured. This linear relationship is derived from Ohm's law, I=(E m -E rev )G, which states that current will be the product of the electrical driving force (the difference between the membrane potential (E m )and the zero current potential, or "reversal potential", (E rev ) for the channels of interest) and the conductance (i.e. of the ion channels opened by the stimulus). The experimentalist controls the driving force by choosing solutions to establish the desired reversal potential and by selecting the voltages for the voltage-clamp to maintain. The conductance in response to a given stimulus is equal to the total number of Voltage-clamp can be conducted either with two electrodes, one used to measure membrane voltage and the other to inject current to keep the voltage at the command voltage, or alternatively, with one electrode that carries out both functions. Single electrode voltage clamp is most often done with patch-clamp electrodes [6] , which provide a tight seal to the cell's membrane and a relatively low resistance connection to the cell interior. Such "whole-cell patch" voltage clamp recording is best conducted on relatively small cells, since with larger cells, or elaborately branched neurons, it becomes impossible to control voltage over the entire surface 6 of the cell with a single electrode. Two electrode voltage clamp (TEVC) is the most common approach for voltage-clamping a large cell and the method ideally suited for cells the size of an oocyte. Xenopus oocytes are extremely robust cells and will tolerate the use of relatively blunt, low-resistance electrodes for passing current. Additionally, when amplifiers are used that can create a virtual ground reference in the bath, current necessary to control the voltage across the cell membrane can also be supplied through the very low resistance bath electrode. This use of a virtual ground (the Axon CNS guide [7] ) allows currents as large as several tens of microamps to be recorded without losing control of the cell's membrane potential.
Molecular targets
All kinds of ion channels can be studied with electrophysiology. One classification of ; although channels that are relatively non-selective have also been described.
Many kinds of ion transporters can also be studied with these methods, as long as there is a net movement of charge from one side of the membrane to the other. These so-called electrogenic transporters can be cotransporters or antiporters, depending on whether the transported ions and other chemicals move across the membrane in the same or opposite direction (for review see [8] ). For example, many transporters couple movement of chemicals into or out of the cell to the passive movement of sodium and/or potassium ions down their electrochemical gradient into or out of the cell. Examples of this type of transporter include the sodium-coupled glucose transporter and sodium-coupled amino acid transporters, for example those that transport glutamate, aspartate, or other amino acids into cells along with Na ions.
Examples of antiporters include the Na/Ca or Na/H exchangers, which transport Ca or H ions in the opposite direction that Na ions move. Other electrogenic transporters that can be studied using electrophysiology techniques include those driven by ATP hydrolysis such as the ubiquitous Na/K ATPase, a transporter that moves 3 Na ions out of the cell and 2 K ions into the cell, setting up the ionic gradient that drives many of the other transport processes. Because cloned ion channels and transporters can be expressed in the oocyte plasma membrane, it becomes possible to record ionic currents through them with voltage-clamp techniques and to study their function on a millisecond, and even fraction of a millisecond, time scale.
Generally speaking, the oocyte expression system is particularly useful for studying these ion channels and transporters due to both its ease-of-use and its reliability. Having relatively few endogenous ion channels (that are expressed at relatively low levels), Xenopus oocytes have been used to express a wide variety of ion channels and transporters in plasma membranes by injecting RNA into the cytoplasm [9] or DNA into the nucleus [10] . RNA can be in the form of mRNA isolated from tissues of interest [2] or cRNA transcribed from cloned or mutated channel DNA [9] . DNA injected into the nucleus can also be from cloned wild-type or mutant channels [11] . Xenopus laevis oocytes can be readily harvested in plentiful numbers . The cells are hardy, require rather simple culture conditions, can survive in vitro for up to several weeks, and are easy to inject. Expression levels can be easily regulated by the amount of RNA or DNA injected. Exogenously expressed channels tend to be so well expressed they easily swamp out most underlying endogenous conductances that are present.
While we normally focus on the heterologously-expressed ion channels in the Xenopus oocytes, there is one type of endogenous ion channel which cannot be ignored, calciumdependent chloride channels. Fortuitously, these channels not only serve to amplify small signals through calcium-permeable channels such as the nicotinic α7 receptor [12] , their presence also allows the oocytes to serve as a useful expression system for many G-protein receptors. The oocytes have all the necessary cellular machinery to connect the activation of receptors that link to either G Q or G 11 to generate large, easily recorded, electrophysiological responses. Based on this approach, Xenopus oocytes have been used to study such diverse Gprotein coupled receptors as odorant detectors [13] , parathyroid hormone [14] and CRF receptors [15] , as well as multiple subtypes of metabotropic serotonin, melatonin, dopamine, adrenergic, glutamate, ACh, and GABA receptors [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Caveats for oocyte recording
It is important to keep in mind that, as with any biological preparation, low levels of a variety of ion channels have been reported to exist in oocytes, and experimentalists should bear this in mind and conduct appropriate controls. Moreover, although the calcium-dependent chloride channels can often be seen as an advantage, their contribution to the current response can sometimes be problematical for some sorts of studies where receptor-mediated currents need to be studied in strict isolation, for example to determine current-voltage relationships or ionic selectivity. While there may be technical limitations to electrophysiological recordings from oocytes, especially with large currents recorded following voltage steps [27] , for most experiments, these limitations are not a problem. Additionally, for receptors composed of multiple subunits, oocytes may support subunit combinations not commonly found in nature, or may take natural subunit combinations and configure them differently than they might typically be configured in mammalian cells (e. g different ratios of α and β subunits, [28] ). However, such anomalies are relatively rare and, in fact, oocytes have been useful to show how novel subunits that do not function in isolation can coassemble with other functional subunit combinations and so modify the properties of the receptor complexes found in vivo [29] .
There are a few differences in the environment for a channel in Xenopus oocytes compared to mammalian cells. Post-translational processing of proteins in oocytes can be a little different from that in mammalian cell lines and the composition of the cell membrane may also be somewhat different. This can be an issue for those most interested in studying channels or transporters derived from human tissue and who want to understand the functional mechanisms and drug interactions strictly in the context of native human tissue. Also, it has been noted that there is a shift in the dose-response curve of many compounds when assayed with TEVC recordings, leading to an increase in the IC 50 . The mechanism of this decrease in potency has not been clearly identified but has been proposed to be due to non-specific binding to the yolk and vitelline membrane of the oocyte [30] . While it is true that some channels express much better in oocytes than in mammalian cells, it is also true that there are channels that express better in mammalian cells [31] .
While TEVC is almost universally used to record current responses in oocytes, additional methods can be used to supplement that approach and address specific questions. One such alternative oocyte approach is the "cut-open oocyte" recording method. With this technically challenging approach, the cell is internally perfused so that drugs and different ionic solutions can be applied to the inside of the oocyte [32] . More frequently, patch-clamp methods are used to supplement TEVC recording from oocytes. Macropatches with macroscopic currents can be recorded from a section of the oocyte membrane, providing better recording bandwidth. Singlechannel records from smaller membrane patches can also be used, to tease out the molecular events that underlie the easily recorded macroscopic currents from TEVC. Both macropatch and single channel patches can be made from any of the standard patch clamp orientations, including cell-attached, inside-out, or outside-out patches [33] .
Relative advantages of Xenopus oocytes compared to other expression systems
The most common alternative expression system, and the only other one easily amenable to electrophysiological studies, relies on either stably or transiently expressed cloned genes in tissue culture cell lines such as human embryonic kidney (HEK) or Chinese hamster ovary (CHO) cells. Typically, non-stable transfection leads to expression in only a small percentage of the cell population, as low as 20%, and for only a short time. Several strategies have been used to increase the probability that the cells chosen for recording have been transfected. One strategy is 'panning' for transfected cells by using antibodies or other means to enrich the percentage of mammalian cells that have the channel of interest. Another is co-transfection of the channel with a marker of transfection like green fluorescent protein (GFP), to make it easy to identify which 9 cells are most likely to have been transfected with the exogenous channels. These and other methods are used to increase the chances of finding transfected mammalian cells in the limited window of time of, typically a few days, over which the channels are expressed. In order to create stably transfected cell lines, cells are grown for several passages in selective medium and then have to be sub-cloned, and then each clone has to be screened for expression levels. While creating mammalian cell lines that stably express the channel of interest often works well, for some channels this method can be problematic and take much longer than even the standard month or two. Once a stably transfected cell line has been established, standard tissue culture techniques are required to maintain the cell line. With mammalian cell lines, the voltage-clamp measurement of choice is patch clamping. While manual patch-clamping of mammalian cells is relatively laborious and technically difficult compared to oocyte recording, automated patch clamp systems have increased the practicality of this approach [34] [35] [36] .
Chief among the advantages of expressing channels and transporters in oocytes is that it takes a very short turn-around time to go from isolating the DNA from a new channel clone, or from creating mutations for structure-function studies in established clones, to being able to study channel function. To obtain a quick answer about channel function, cDNA or in vitrotranscribed cRNA is injected into the oocyte. Many channels express within 1 to 2 days in oocytes. Even though for other channels, expression can take a few days longer, this rapid transition from gene product to data is an attractive aspect of oocytes as an alternative to expression in mammalian cells. Another major advantage of using oocytes is that virtually every oocyte injected will express the channel of interest, unlike mammalian cells.
As noted above, expression of ion channels in oocytes is particularly useful for studying newly cloned or mutated channels due to the rapid turnaround time between cloning or mutating a channel and making the functional measurement. Oocytes also provide an excellent alternative expression system when channels don't express in mammalian expression systems.
Additionally, oocytes are particularly useful when you need to co-express several channel subunits at once, something that is more difficult to do in mammalian cells. Oocytes are also easily amenable to simple perfusion of drugs acting on the extracellular surface of cells. It is far more challenging to make efficient solution delivery to small tissue-cultured cells.
Oocyte recording of native mammalian receptors, channels, and transporters
As an alternative to studying cloned receptors, Miledi and coworkers have shown that it is possible to reconstitute native mammalian receptors directly in oocyte membranes [37, 38] . This is accomplished by injecting vesicles into oocytes that have been prepared from tissues with channels of interest. The vesicles have fully formed channel proteins that can incorporate into the cell membrane. This technique, which has so far only been shown possible in the oocyte expression system, is particularly useful for studying differences in channel function, for example, between diseased and normal tissues [39, 40] . This latter capability could be of significant use in helping to determine the roles for ion channels in various disease states.
High throughput approaches for the study of ion channels and transporters
Electrophysiological study of cloned ion channels, in particular using voltage-clamp, is clearly a method of great strength and utility for both basic science and the pharmaceutical industry.
However, while an academic scientist may base a successful career on publishing a few papers a year, drug discovery and pharmaceutics are driven by the need to conduct hundreds of studies and evaluate thousands of drug leads every year. This defines the challenge of high throughput approaches to the study of ion channels and transporters. Traditionally, drug companies have resorted to non-electrophysiological approaches in order to achieve high throughput screening of drug candidates.
Until recently, high throughput screening relied either on binding studies or flux measurements with radioisotopes. Now methods using the FLIPR and VIPR [34] systems, for example, have been developed that can give fluorescent readouts from multiwell plates based on either calcium or voltage-sensitive indicators. These approaches can all be used to rapidly screen large numbers of compounds, but each has limitations compared to voltage-clamp recording.
For example, while binding studies can identify compounds with affinity for a molecular target, they cannot discriminate agonists from antagonists nor indeed if the compounds have any functional effect. Likewise, since for both flux studies and the fluorescent readout systems, it may be possible to obtain a maximal response with submaximal receptor occupancy, these approaches may not discriminate partial agonists from full agonists. This can be related to the presence of "spare receptors" or to nonlinear aspects of the relationship between receptor occupancy and response. For example, when a membrane potential indicator dye is used to study cells that are not voltage-clamped, small amounts of receptor activation can produce large changes in membrane voltage due to the large initial driving force. However, once the cell has become depolarized, large amounts of additional receptor activation produce negligible increases in the voltage signal, and the cell will never become more depolarized than the reversal potential of the channel being studied. This is in marked contrast to the linear relationship between the measured response (i.e. current) and receptor activation, and points to one of the great strengths of voltage-clamp studies. Measurements based on calcium indicators can also show non-linear properties since, frequently, voltage-dependent calcium channels can convert a small depolarization into a large calcium response.
High throughput electrophysiology (HTEP) recording
With all of the advantages provided by voltage-clamp recording, clearly an ideal for drug discovery would be high throughput electrophysiology, such as might be achieved by developing integrated and automated systems for either patch-clamp or TEVC recording. Ideally, direct electrical recordings for high throughput electrophysiology should provide efficient and sensitive screening with low numbers of false positives or negatives. Systems like PatchXpress [35, 36] have taken on that challenge for recording from small cells, and likewise multichannel automated systems such as OpusXpress have made high throughput electrophysiology an obtainable goal for oocyte recording.
Traditionally, oocyte recording was a relatively low throughput process, performed one oocyte at a time by a trained technician requiring an hour or more of set-up time each day and similar clean up time. Often, traditional perfusion systems used large volumes of experimental drugs with plumbing cobbled together from various syringes, valves and tubing, often controlled manually and therefore not synchronized to the data acquisition systems, except by manual intervention. Each laboratory, and indeed each investigator within a laboratory, might have their own system for organizing (or disorganizing as the case might be) data and taking notes. Even so, the contributions to science from such low throughput systems continue to be enormous, almost making up for the trouble that a given investigator might have trying to find a specific single raw data file, recorded by a long-since departed part-time student technician on an obsolete computer five years ago. Clearly though, the traditional approach is one with large room for improvement.
Goals for high throughput electrophysiology systems
In trying to define how an ideal HTEP system might be configured, we can begin with a discussion of how such a system would be used, and what sorts of experimental goals it would be directed toward. One of the most common applications for HTEP would be to define the concentration-response relationships of drugs with known activity for specific channels or transporters. For example, by applying varying concentrations of a putative agonist for a ligandgated ion channel to oocytes expressing the channel of interest, the concentration-dependence of the response can be used to define an EC 50 value. In order to determine if the experimental drug is a full agonist or partial agonist, all that is required is to make comparisons in single oocytes between the responses to the experimental drug and a reference agonist with known efficacy and potency. Likewise putative antagonists could be characterized across concentrations for their ability to block the response of ligand-gated channels to agonists in co-application experiments, or to block the activity of voltage-dependent channels when the compounds are present during the voltage steps used to activate the channels. For both of these sorts of experiments, responses obtained in the absence of the antagonist would serve as the internal control so that IC 50 values can be easily obtained. Various ancillary questions would also need to be addressable with an HTEP system, such as determinations of recovery rates, the voltage-dependence and statedependence of drug interaction with the channel, and whether the effect occurred through competitive or noncompetitive mechanisms. For these kinds of studies, the great advantage of an HTEP system, aside from whatever intrinsic increase in efficiency the system might bring, would be the ability to record from multiple cells in parallel. In this way, a single run might generate all the necessary replicates to complete a publishable data set.
The other most important potential application for HTEP is drug screening. Oocytes expressing a target gene could be exposed to a large number of different compounds and monitored for their responses, again as compared to responses to reference compounds or control conditions. Looking at multiple oocytes in parallel, several sets of oocytes could be tested in duplicate with many different compounds so that dozens of different drugs could be screened in a single one hour experiment. Important for this approach would be the ability to monitor the health and responsiveness of individual cells throughout the course of each experiment. This is important because if cells fail, due to unexpected effects of the drugs or other reasons, they should be taken off-line so that the drug solutions could be saved for testing on new cells.
The utility of HTEP is obvious, particularly for projects that require screening a large number of compounds or require a large number of cloned or mutated channels to be tested.
Examples of the latter include alanine scanning mutagenesis [41] , cysteine accessibility scanning [42] , and mutant-cycle analysis [43] . HTEP would also expedite projects that require a large number of solution changes to characterize a single response, as with ligand-gated channels. An HTEP system that is optimized for oocytes would come with all of the advantages of traditional oocyte recording discussed above and, additionally, would be cost effective since it is likely that technology for automated handling of large cells such as oocytes would be less expensive than automated patch-clamp systems. Also, a single parallel recording system is likely to be far less expensive than multiple manual systems and would also make effective use of technical staff.
With these sorts of scenarios in mind we identify key features needed for an HTEP oocyte system to be useful (see Table I ). The pharmaceutical industry especially benefits from HTEP, as it advances the drug discovery process, screening targeted chemical libraries for hits and misses, and facilitating rapid determinations of potency and efficacy series. Although OpusXpress was designed with the needs of the pharmaceutical industry in mind, it has also proven to be an invaluable asset to numerous academic labs and has helped generate many peer-reviewed publications [12, .
Alternative HTEP systems
Alternative HTEP systems for oocytes have been developed, though only one (Roboocyte by MultiChannel Systems, Reutlingen, Germany) is commercially available at the time of this writing. Others have been created as in-house projects by technology development groups within large pharmaceutical companies, but their use has typically been restricted to those within the company and to partners. These alternative systems have made significantly different choices in system design that affect system capability and throughput.
Examples of experiments Performed with OpusXpress

Rapidly desensitizing α7-type nAChR
OpusXpress has been used to study many different types of ion channels in the Papke laboratory, including nicotinic acetylcholine receptors (nAChR), and especially the α7 subtype nAChR. The α7 nAChR shows a unique form of rapid desensitization that is dependent on agonist concentration [84] . This phenomenon has been studied extensively with α7 expressed in oocytes and also with the native α7-type nAChR of acutely-dissociated hypothalamic neurons, with essentially the same results and conclusions in both systems. For example, the calculated EC 50 s estimated for α7 receptor activation by ACh, choline and the experimental agonist 4OH-GTS-21 are essentially the same for both the oocyte experiments and the acutely dissociated neurons [12, 85] . Sample oocyte records of α7 nAChR are shown in Figure 1 . These recordings came from a large study which used OpusXpress to determine the structural differences between rat and human forms of α7 that accounted for why the potential therapeutic agent GTS-21 preferentially activates rat α7 compared to human α7 receptors [75] . As shown in the figure, a combination of 3 single point mutations were necessary and sufficient to reverse this difference between rat and human α7 receptors. The data shown represents a final conclusion of what was, in fact, a very large study made possible by OpusXpress. In the paper, Stokes et al. report findings based on concentration response studies of over 15 different agonists on both wild-type human and rat receptors, as well as studies of ACh and GTS-21 on 30 mutants or chimeric receptors. In each case, the concentration-dependence of both activation and desensitization were examined, so in total the entire study encompassed over 150 concentration-response analyses conducted with OpusXpress. A large fraction of this body of work was conducted side by side with other projects in the laboratory, over the course of less than a month.
The nicotinic α7 receptor has been widely acknowledged as a potentially important therapeutic target for the treatment of Alzheimer's disease [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . Therefore, the Papke laboratory [5, 49, 51-53, 59-62, 64, 75, 97-102] , along with others, including numerous drug company teams [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] have been working toward developing new α7-selective agonists and positive allosteric modulators of α7 [114, 115] . The assessment of functional properties is a crucial step in the screening of potential new drug candidates, and the development of automated electrophysiological recording systems such as OpusXpress has facilitated the process of testing new drugs to a large degree. However, while the simple screening of multiple drugs at a single concentration identifies "hits" and "misses", the generation of full concentration-response studies is still a bottleneck in drug development. This impasse too can be lessened by making the most out of the large amounts of data which are generated by systems such as OpusXpress.
For example, we have noted that the α7 nicotinic acetylcholine receptor displays a unique concentration-dependence of response kinetics [12, 116] . This feature is surprisingly consistent regardless of whether the drugs tested are high or low potency, full agonists or partial agonist, whether the α7 clone is from human or other vertebrate species and is usually even a feature of α7 mutants, unless the mutations are within the transmembrane domain [11, 68, 69] .
This character of α7 nAChR responses is illustrated in Figure 2 , which shows the characteristic concentration-dependent changes in α7 receptor responses in wild-type and mutant (Y188F) α7 receptors to the partial agonist 4OH-GTS-21 and to ACh. The Y188F mutation has a large effect on the potency of ACh [49] , with little effect on the potency of 4OH-GTS-21. Hence the concentration-dependent effects on response waveforms in the mutant are shifted for ACh, but not for 4OH-GTS-21.
Based on the systematic analysis of many different concentration-response studies utilizing either human or rat α7 nAChR we developed a method that permits estimates of EC 50 and I max values for experimental drugs to be generated from single concentration responses [66] .
This method involves the normalization of each experimental response to an ACh control response from the same cell, and then analyzing that normalized response with transformation function based on the relationship between the net charge and peak current to their respective EC50 values, derived from our large α7 agonist data base. This transform then defines the "functional concentration" (the test concentration relative to the estimated EC 50 ) at which each experimental agonist was tested. At low functional concentrations net charge is large relative to peak current amplitude and at higher functional concentrations this relationship reverses, so that for any single concentration response the ratio of net charge to peak current can be used to estimate functional concentration. Efficacy can then be estimated by comparing the observed (net charge) response to the expected value for a full agonist at the estimated functional concentration. This extended analysis, combined with automated recording methods greatly increases the efficiency with which promising new drug candidates can be characterized for α7 receptor activity.
Automated recording systems like OpusXpress, especially when applied with methods such as our waveform analysis described above, can be a major boon for drug screening.
However, such systems are arguably an even greater asset for hypothesis-driven research requiring the generation and testing of multiple mutant receptor subtypes, since the oocyte methodology allows new mutants to be tested almost immediately. Moreover, the retesting of previously generated mutants can be done on the spur of the moment, since it only requires finding the RNA in the freezer and injecting it into a fresh lot of cells. Any mutant can be worked up in just a matter of a day or two. In contrast, if transfected cell lines, of the sorts used for automated patch clamping, have been placed in storage, it often takes weeks to grow the cells up in sufficient number for experiments. Even so, cells brought up from frozen stocks sometimes have lost the phenotypic expression of interest. However, not only is RNA able to be kept in storage for up to several years at a time, but the cDNAs themselves last indefinitely and can be used to make fresh RNA in a day. Such flexibility allows an oocyte lab the ability to study literally hundreds of different receptor subtypes in an ordinary year, including various mutants, chimeras, and receptors with differing subunit composition and species of origin.
Neurotransmitter receptor expression in oocytes following injection of hippocampal membranes
Along with drug development and hypothesis testing, the oocyte expression system, powered by an acquisition engine like OpusXpress, can also be a tool for discovery and insight into the underpinnings of ion channel-related disease. This is because diseased tissue can be harvested and membranes from that tissue prepared and injected into oocytes. The oocytes incorporating those membranes then reconstitute the ion channel profile of the tissues from which the membranes were harvested, making it easier to study differences due to the disease state. 
Analysis of ion channel function with unnatural amino acids
Another area in which a remarkable potential for scientific discovery has been realized with the oocyte expression system, in combination OpusXpress, has been to investigate novel theories about ion channel function through the incorporation of unnatural amino acids [46] . Mutations can be introduced into genes of interest that create codons for which no naturally occurring transfer RNA exists. Artificial tRNAs, linked to custom-designed unnatural amino acids, can then be injected into the oocytes along with the mutant cRNA to create proteins that can address the very most detailed probative questions about ion channels and other pharmacological targets.
This approach has been used to demonstrate the importance of a Cis-trans isomerization at a proline for opening the pore of a 5HT3a receptor [54] , to probe the Mg2+ blockade site of an Nmethyl-D-aspartate (NMDA) receptor [55] , and to investigate the agonist activation of GABA(A) receptors [57] .
Conclusions
The advent of systems such as OpusXpress for HTEP study of ion channels and transporters in Xenopus oocytes marks a real breakthrough for both research and therapeutics. It represents another critical technology taken through the rite of passage from where it was available only to the pioneers with primitive plumbing and homemade recording chambers, to a truly modern piece of laboratory equipment. It is not an exaggeration to say that with a machine like OpusXpress available in their lab, an investigator can formulate a new hypothesis over coffee in the morning and be sending a publication-quality test of that hypothesis to his or her collaborators by e-mail at lunch time. It allows investigators to embrace larger challenges. It will no longer be appropriate to dismiss projects involving large amounts of mutant testing or mutant cycle analysis as "overly ambitious". The automation of the process will translate into rapid acquisition of large amounts of uniformly high quality data and the efficient use of time spent in preparation and data analysis. This new level of efficiency allows users to focus on the science rather than on the technical details.
It seems likely that for scientists in both academia and industry, in the very near future tools such as OpusXpress will be seen as ways not only to do old things better, but also to do entirely new things. For example, by being able to directly assay ion channel function in healthy and diseased tissue by injecting membranes into oocytes and screening those cells rapidly with multiple ion channel probes using OpusXpress, we may gain new insights into diseases as diverse as epilepsy and Alzheimer's disease. As these and other diseases give up their secrets, new high throughput drug screening will also help tell us how to target underlying ion channel and/or neurotransmitter anomalies. wild-type receptors compared to rat. As part of an extensive study conducted with OpusXpress (see text), it was ultimately shown that this difference in GTS-21 efficacy was due to 3 specific differences in the sequence of rat and human receptors in the agonist binding site [75] . As shown in the lower panels, GTS-21 has reduced efficacy for the rat α7 mutant N184S, K186R, S167G and increased efficacy for the reciprocal human mutant α7 S184N, R186K, G167S. 
